Northern mummichog (Fundulus heteroclitus macrolepidotus) have been widely considered to be suitable for environmental effects monitoring despite concerns of spatial variability observed in energy reserves and reproductive indices. In this study, temporal and spatial variability in gonadosomatic index (GSI), liversomatic index (LSI), and condition factor (K) were examined across two sites in 2006 and 10 sites (four sites exposed to wastewater discharge; six reference sites) in 2007. In 2006 GSI, LSI, and K appeared highly variable and signifi cantly different for both males and females. In 2007, female K and gonad weight were signifi cantly different among all sites. For males, signifi cant differences in K and liver weight were observed among sites. Extensive spatial variation in GSI, LSI, and K observed between reference sites suggests current standardized Canadian Environmental Effects Monitoring (EEM) methods, including effect size and duration of sampling, should not be adopted for use with the northern mummichog F. h. macrolepidotus.
Introduction
Industrial and municipal wastewater effl uents are a major source of anthropogenic stress in coastal habitats (Nacci et al. 1999; Porter and Janz 2003; Wirgin and Waldman 2004) . Wastewater effl uents often contain endocrine disruptors, metabolic inhibitors, carcinogens, and other potentially hazardous agents (Swartz et al. 2003; Filby et al. 2007) , which are of concern for both ecological health and human use of aquatic systems (Glasgow and Burkholder 2000; Kilgour et al. 2005) . Canada has developed Environmental Effects Monitoring (EEM) regulations for pulp and paper mills (Walker et al. 2000) and metal mines (Ribey et al. 2002) , and has developed a proposed bioassessment program for municipal wastewater dischargers (Kilgour et al. 2005 (Kilgour et al. , 2007 . Currently, EEM programs are known to be effective in freshwater ecosystems , but EEM faces challenges with marine and estuarine environments where potential sentinel species occur in highly variable habitats .
Recent studies along the Atlantic coast of North America have indicated high spatial variability in reproduction and energy reserves in resident estuarine fi sh species such as Atlantic silverside (Menidia menidia) (Conover et al. 2005; Thériault et al. 2007) and mummichog (Fundulus heteroclitus) (Leamon et al. 2000; Thériault et al. 2007 ). The northern mummichog (Fundulus heteroclitus macrolepidotus) is considered a suitable sentinel species and indicator of environmental health , but this suitability has been questioned due to spatial variability observed in reproductive parameters, including the gonadosomatic index (GSI), energy storage parameters such as the liversomatic index (LSI), and condition factor (K) (Leblanc et al. 1997; Couillard and Nellis 1999; Leamon et al. 2000) . This variability can occur naturally or may be due to anthropogenic stressors found in the environment (Walker et al. 2000) .
For fi sh populations, EEM monitors responses in age distribution, indicators of energy use (growth rate, fecundity), and nutritional storage (liver size, body condition) used to detect stress (Munkittrick and Dixon 1989; Adams et al. 1992; Porter and Janz 2003) . One can determine population and ecological stress levels by analyzing these parameters in an appropriate sentinel species. Sentinel fi sh species data are compared between reference and exposed sites to determine if an effect has occurred. However, in estuarine and coastal marine environments the effect on these parameters is diffi cult to quantify due to fl uctuating conditions such as tides, temperature, oxygen levels, and challenges with identifying reference sites in highly dynamic environments if species are highly mobile . While considerable criteria for the selection of a suitable sentinel species for freshwater habitats has been reported , information for estuarine and marine habitats is lacking .
Recently, Fundulus heteroclitus macrolepidotus has been recommended as a sentinel species for wastewater monitoring In Atlantic Canada Galloway and Munkittrick 2006; Kilgour et al. 2007) . Fundulus heteroclitus macrolepidotus has been used in EEM programs for pulp mills , for examining food processing effl uents (Thériault et al. 2007) , and for a number of coastal research programs focused on anthropogenic stress (ACAP 2006) . Fundulus heteroclitus are small-bodied euryhaline killifi sh found throughout coastal environments such as estuaries, marshes, and creeks, which are often characterized by the presence of highly variable abiotic factors including temperature, dissolved oxygen, turbidity, and salinity (Blaber and Blaber 1980; Whitfi eld 2005; Schulte 2007 ). In order to survive in these dynamic environments, fi shes have developed wide tolerances to these fl uctuating conditions (Whitfi eld 1994; Stainbrook et al. 2006; Dolbeth et al. 2007 ). Many of these habitats have also undergone extensive anthropogenic change subjecting fi shes that already live in these extreme habitats to increasing levels of stress (Stainbrook et al. 2006) .
A variety of studies have used Fundulus heteroclitus as an environmental sentinel (Leblanc et al. 1997; Kirchhoff et al. 1999; Nacci et al. 1999; Schulte 2007; Thériault et al. 2007) , and some of these studies have shown unexpected results (Leblanc et al. 1997; Kirchhoff et al. 1999; Thériault et al. 2007 ). Leblanc et al. (1997) reported unexplained increased reproductive effort (reproductive index) in two New Brunswick estuaries downstream of a bleached kraft pulp mill when compared with local upstream reference sites. Thériault et al. (2007) reported high variability in GSI between reference sites in northern New Brunswick, and Leamon et al. (2000) reported highly variable relationships in F. h. macrolepidotus between LSI, K, liver glycogen, and the RNA-DNA ratio in nearby southern Connecticut reference estuaries. Leamon et al. (2000) suggested that mummichog adapt readily to highly variable environments. Thériault et al. (2007) reported intersite variability between reference sites, suggesting a variable relationship between references. Couillard and Nellis (1999) reported similar variability in reproductive parameters observed in their study and suggested this variability may be due to reproductive timing and spawning variability. In a previous study, we examined the lunar spawning periodicity of F. h. macrolepidotus and identifi ed an absence of a lunar spawning rhythm, which may contribute to the challenge of using this subspecies as a sentinel (McMullin et al. 2009 ).
Both Environment Canada and the U.S. Environmental Protection Agency have mandated the necessity of knowledge regarding the interaction of organisms, populations, and ecosystems with both anthropogenic and natural stressors (Environment Canada 2001; U.S. EPA 2003) . It is particularly challenging to obtain this knowledge for sentinel fi sh species due to our lack of understanding regarding the variability associated with health-indicating parameters in natural and disturbed systems. The objective of this study was to quantify the extent of spatial variability in northern mummichog for three health-indicating parameters (GSI, LSI, and K) along the lower portions of the St. John River at similar marsh habitats upstream and downstream of known wastewater discharges. The null hypothesis states there will be no differences in the above health-indicating parameters between sites in the lower St. John River. The alternative hypothesis states that there will be differences among sites in the above health-indicating parameters in the lower St. John River.
Materials and Methods
Sampling began near the Reversing Falls, Saint John, New Brunswick (45.27532°N, 66.08908°W) and progressed northeast towards Kennebecasis Bay and northwest towards Grand Bay (Fig. 1) . Sampling was initiated in 2006 at the Indian Town sewage outfall (E1) with comparison to a reference site at Ragged Point (R1) (Fig 1) . In 2007, the study was expanded to 10 sites, including four sewage-exposed sites (Indian Town Reference sites were defi ned as those occurring upstream (2 to 5 km) of wastewater point source discharges with no shoreline evidence of anthropogenic waste such as human hygiene products. Exposed sites were defi ned as areas within a proximate distance of 50 m of known wastewater discharges. All sampling sites were located in shallow water (<2 m) at low tide within an intertidal marsh habitat as indicated by the presence of vegetation such as Spartina sp. and a rack line formed during early spring tides. Water samples were collected from the midwater column using polyurethane bottles. Salinity, dissolved oxygen, and temperature were then determined by placing a calibrated digital meter (YSI) probe in the bottle.
Site Descriptions
Site descriptions are given below for exposed (E) and reference (R) sites in the lower St. John River. Eastern Saint John County in New Brunswick includes populated areas at Millidgeville, Rothesay, Quispamsis, and Kennebcasis Park (Fig. 1) . At the time of this study, the old portions of Saint John City were waiting for the installation of a municipal wastewater treatment facility.
Exposed sites. Site E1 was sampled in both 2006 and 2007 and was located downstream (5 m) from an untreated domestic sewage outfall in Indian Town. Substrate was anoxic at this site and extensive algal mats were present in July 2006. This site may also receive industrial effl uent during high tide from a pulp and paper mill located approximately 3 km downstream at the Reversing Falls (Fig. 1) . The second exposed site, E2, was located immediately downstream (1 m) of the only secondary sewage treatment plant with ultraviolet (UV) fi ltration on the lower St. John River at Cedar Point in the Millidgeville area of the north end of the City of Saint John (Fig. 1 ). This area also receives waste from several raw sewage discharge lines near the Reversing Falls. In 2005, the estimated population serviced by the Cedar Point treatment plant was 15,000, and the plant's average fl ow was 5,663 m 3 /day (unpublished data, Saint John City Wastewater Treatment Division). The facility uses an activated sludge aerated treatment with UV sterilizers. The area surrounding the second exposed site (E2) includes commercial companies, the regional hospital, a university, and business districts, which are serviced by the treatment plant or one of several raw sewage dischargers.
Site E3 was adjacent (50 m) to a residential raw sewage holding facility that captures most of the sewage discharged from the Rothesay area (Fig. 1 ). An intercommunity offshore interceptor sewage line joins this facility's discharge with Renforth's wastewater facility. The outer Kennebecasis Park holding pond has a terrain buffer which separates the pond from Kennebecasis Bay. The Kennebecasis Park wastewater facility is an aerated stabilization basin with a retention time of 27 days. This facility receives waste from Rothesay, Kennebecasis Park, and Renforth, and discharges through a deep-river pipe. The Rothesay catchment area is 1,000 hectares with an estimated population of 7,500 people (CBCL 2003) . The lower end of the facility receives waste from the 104-hectare catchment area of Kennebecasis Park, a residential subdivision with an estimated population of 1,200 people, and from the 138-hectare Renforth catchment area (estimated population 1,000 people). The average daily fl ow for this facility in 2002 was 400 m along the shore at this site. This site also contained dense shoreline vegetation including Spartina sp.
Site E4 was downstream (10 m) of a sewage holding pond in Quispamsis (Fig. 1) . The Matthew's Cove catchment area of 550 hectares services most of the Gondola Point area at the Matthew's Cove wastewater treatment lagoon, and consists mostly of residential users with some small commercial use. The topography of this area is high while the lagoon itself is very low making this facility prone to high stormwater fl ows due to a small brook which discharges into the lagoon (CBCL 2003) . During storm events this aerated stabilization lagoon's retention time of 30 days can be reduced to 15 days, thus limiting the effectiveness of wastewater treatment. In 2002 the estimated population this lagoon serviced was approximately 4,000 people with an average fl ow of 1,500 m 3 /day (CBCL 2003) . This site also experienced large algal blooms and had anoxic substrate along the shoreline.
Reference sites. Reference sites included sites in Milledgeville at Ragged Point (R1) and at Yacht Lane (R2). Sites were also located near Renforth (R3), West Saint John (R4), Grand Bay (R5), and at Oak Point (R6) (Fig. 1) . R1, R2, R5, and R6 all had densely wooded vegetation growing to within 50 m of the shoreline. Shoreline substrate at these sites consisted mostly of fi ne grained sediments and soil with inshore vegetation consisting mostly of Spartina sp. The backshore habitat of sites R3 and R4 was residential and the substrate consisted of pebble and cobble rock. There was no aquatic vegetation at any of these sites.
Sample Collection
Fundulus heteroclitus macrolepidotus were collected using standard minnow traps (Hubert 1989) (baited with commercial dried dog food) which were deployed in shallow water (<2 m) at low tide for 24 hours and retrieved the following day at low tide. Sampling in 2006 was based on the assumption that F. h. macrolepidotus followed a lunar spawning pattern (McMullin et al. 2009 th and June 27 th , when temporal variability in GSI decreased at peak spawning at Ragged Point (McMullin et al. 2009 ). At each site, two sets of fi ve traps were joined together with rope (approximately 1 m between traps) and were deployed on the bottom at each exposed and reference sampling site. Minnow traps were located by a surface fl oat attached to the last trap. Traps were checked daily at low tide (every 24 hours) and traps were left for three days or until approximately 40 fi sh were collected. However, two exposed sites (E1 and E2) yielded very small sample sizes (n < 3). No fi sh were captured in Grand Bay (R5). These three sites were removed from analyses, leaving four exposed and fi ve reference sites.
Fish were transported to the laboratory, within 15 min of collection, in 20-L coolers containing ambient water which was aerated when air temperature exceeded 20°C. Fish were anaesthetized using tricaine methanesulfonate (TMS) and were examined for external parasites, tumours, and lesions. Females releasing eggs were recorded as spawning. Fish were blotted dry, and whole body weight (± 0.01 g) and total length (± 1 mm) were recorded. Gonad and liver organs were carefully removed and weighed (± 0.001 g).
Statistical Analyses
Variables examined included total length, whole body weight, K, GSI, and LSI during the spawning season. The gonadosomatic index was calculated as GSI = 100 × {gonad mass (g)/[total mass (g) -gonad mass (g)]}. The liversomatic index was calculated as LSI = 100 × {liver mass (g)/[total mass (g) -liver mass (g)]}. The condition factor was calculated as K = 100,000 × {total mass (g)/ [total length (mm)] 3 }. Power analyses was conducted to determine the power necessary to detect a 25% difference, as suggested by the national EEM program (Environment Canada 2005a), in GSI and LSI, and a 10% difference for K. Power analyses were determined using the power calculation instruction set of SAS 9.1. For better understanding of data trends, both gonad and liver weight are represented in Fig. 2 and 3 by their respective indices (gonad weight = GSI; liver weight = LSI); however, all analyses were conducted on gonad and liver weights. Comparisons of gonad and liver weight between sites were conducted separately for males and females using an analysis of covariance (ANCOVA) with body weight as the covariate and site as the independent variable. If the interaction term of the ANCOVA (body weight by site) was not signifi cant (α > 0.05), then the interaction was removed and the analysis was rerun to identify potential effects at the site. ANCOVA was also conducted on pairs of sites for 2007 data to determine whether interactions occurred within pairs. Individual sampling days were compared between two sites for 2006 data. A one-way analysis of variance (ANOVA) was used to determine if any differences in length, body weight, and K existed among sites. Tukey studentized range tests were used as posthoc tests when the ANCOVA or ANOVA found statistical differences between sites. All data were log 10 transformed to meet assumptions of normality and homogeneity of the above univariate tests using the D'Agostino-Pearson normality test. Statistical analyses were performed using the POWER, ANCOVA, ANOVA, and GLM procedures of SAS version 9.1.
Results

During June and July 2006, a preliminary study was conducted at two sites (R1 and E1) on the lower portion of the St. John River. A total of 565 F. h. macrolepidotus (females: 298; males: 267) were collected. Body condition of female F. h. macrolepidotus varied among sampling dates in 2006, ranging from 0.82 to 1.27 with no obvious spatial or temporal patterns being evident (Table 1) . In general fi sh tended to be smaller at the exposed site, and during July showed increased liver sizes in males and increased liver size, ovary size, and condition in females. However, the variability between dates, and the apparent absence of a lunar pattern in GSI prompted a more detailed study (McMullin et al. 2009 ), a tighter standardization of sampling, and an increase in the number of exposed and reference sites sampled.
Females from the reference site showed higher condition on two of fi ve occasions in June (Table 1) . Females from exposed sites had a higher condition on three of the four sampling dates in July. Ovary size was signifi cantly smaller at the exposed site on two occasions in June, and was larger at the exposed site once in June and three times in July (Table 1) . Males showed similar differences between sites with body weight being lower at the exposed site for six of nine comparisons, and signifi cantly higher only once, but there was still considerable variability among collection dates (Table  2) . Males showed few differences between sites in gonad size, with differences being higher once at the exposed site, and once at the reference site (Table 2) . However, liver sizes were higher twice in June, and during three of four July collections, liver sizes were as much as 125% larger at the sewage site.
Regional Study
Spatial variability in three indices (K, GSI, and LSI) was examined during this short period of intensive sampling at seven sites. A total of 281 F. h. macrolepidotus (females: 150; males: 131) were collected (Table 3) . Fish length (females: 71.07 ± 0.68 mm; males: 73.4 ± 0.74 mm) and weight (females: 4.38 ± 0.15 g; males: 5.4 ± 0.16 g) were similar to fi ndings of our previous study (McMullin et al. 2009 ).
Length of female F. h. macrolepidotus was signifi cantly different among sites (ANOVA, F (6,140) = 7.84; p < 0.0001) with fi sh from R3 being the largest and fi sh from E4 being the smallest. Signifi cant difference were observed in body weight (ANOVA, F (6,140) = 5.19; p < 0.0001) and K (ANOVA, F (6,140) = 7.69; p < 0.0001) ( Table 3) . K varied among reference and exposed sites with 12.73% variability occurring between reference sites. Gonad weight was signifi cantly different between sites (ANCOVA, F (6,139) = 8.10; p < 0.0001) (Fig. 2) . Variability in gonad weight between reference sites was as much as 50% (Table 3) . Male length (ANOVA, F (6,121) = 3.59; p = 0.0026) and weight (ANOVA, F (6,121) = 4.88; p = 0.0002) were signifi cantly different between sites (Table 3) . Signifi cant differences were also observed in K between sites (ANOVA, F (6,121) = 5.52; p < 0.0001) and liver weight between all sites (ANCOVA, F (6,120) = 3.66; p = 0.0023) ( Table 3) .
Power Analyses
Sampling times reported herein were based on low variability in GSI at the R1 reference site which was sampled intensively from May 16 th to July 30 th (McMullin et al. 2009 ). A recommended sample size of 20 individuals from each sex would achieve a power level of 99%. These data have revealed that the assumption that GSI variability was low throughout the sites sampled is true, especially for females (Table 3) . Female GSI had 99.9% power at our regularly sampled reference site R1 and all reference sites had strong power (Table 4) . One exposed site (E3) had weaker power at 44.5% due to a low sample size (n = 7 females) at this site. Male GSI fell below acceptable environmental monitoring limits at all sites, indicating that males require greater sample sizes than n = 20 to detect a 25% effect (Table 4) .
Environmental Parameters
Temperatures collected on June 24 th to 27 th of 2007 on average were optimal spawning temperatures (approximately 20°C) for F. h. macrolepidotus and ranged from 18.5°C to 24.6°C (Table 5) . Areas of the river where sites were not protected by inlets or coves (i.e., more exposed) had lower temperatures. Salinity was highest near the Reversing Falls at E1 (22.3 ppt) and lower with increasing distance from the ocean near the upstream reference sites in Kennebacasis Bay (R3, 10.2 ppt), Grand Bay (R5, 10 ppt), and Oak Point (R6, 6.1 ppt). Algal blooms were noted in areas where dissolved oxygen levels were low (E4, 5.7 mg/L).
Discussion
The goals of our study were to assess natural variability in health indicators (K and gonad and liver weights) in Fundulus heteroclitus macrolepidotus within the lower St. John River, New Brunswick, and to determine whether this variability would affect an assessment of the potential impacts of wastewater effl uents. The recommended EEM protocol was used in this assessment, which is based on pulp and paper mill and metal mine monitoring (Environment Canada 2005a). Recommended critical effect sizes for monitoring are set at 25% for gonad size and liver size, and 10% for condition Environment Canada 2005b) . This is not the fi rst time variability of this extent for reproduction, energy, and condition has been observed in F. heteroclitus. Some authors have suggested F. heteroclitus is inherently variable due to the naturally variable systems in which the species are found (Couillard and Nellis 1999; Leamon et al. 2000; Thériault et al. 2007 ). Thériault et al. (2007) found signifi cant differences in gonad size between regional and local (i.e., within the same harbour as the exposed site) reference sites in New Brunswick when examining the impact of a nearby food processing plant. Analyses of data from our study indicate either the local reference site was also impacted or F. h. macrolepidotus indices are too variable to detect a difference. Couillard and Nellis (1999) encountered similar problems during a bleached kraft pulp mill assessment in which they suggested the reason they did not obtain expected results was due to the timing of sampling around the reproductive cycle. The sampling time for this study occurred during spawning (McMullin et al. 2009 ) and this has made no difference in reducing spatial variability when compared with similar studies.
Analyses between sites were complicated in both years by noticeably skewed sex ratio differences occurring during spawning times at all sites. In 2007, many sites exhibited catches that were skewed in favour of one sex or the other. Spawning males, easily identifi ed by bright yellow colourations in the fi eld (Able and Fahay 1998), were particularly diffi cult to catch. High site fi delity has been reported for F. heteroclitus. Skinner et al. (2005) reported 617 (96.6%) mummichog returned to within 200 m of the point of initial release after one year. This small home range indicates the potential usefulness of the mummichog as a monitoring fi sh species. However, in this study the diffi culty observed in catching either sex during the spawning phase suggests either 1) individuals from either sex leave spawning grounds after spawning or 2) all of the sites chosen in this study were not primary spawning grounds. While overall site fi delity has been reported, the extent of site fi delity during spawning is unknown and should be investigated further. This is especially important because the sampling of mummichog throughout their spawning seasons has shown that interpretation of relative gonad sizes will be strongest at the start of the spawning season, and that there is apparent site and annual variability in the pattern of gonadal changes later in the spawning season (McMullin et al. 2009 ).
Adaptation to anthropogenic stressors may have also complicated this study where stressors are persistent over a long period of time in the lower St. John River. Adaptation has been suggested to occur with exposure to dioxin-like compounds reported from a population in New Bedford Harbour, Massachusetts (Nacci et al. 1999) . Adaptation also likely occurs in a population of F. h. macrolepidotus at the Sydney Tar Ponds, Nova Scotia, where high tolerance to polychlorinated biphenyl and polycyclic aromatic hydrocarbon compounds has been demonstrated (pers. comm. Dr. Martha Jones of Cape Breton University). The ability to capture bioassessment data on an indicator species exposed to sewage over many years is now diminishing in the St. John River. Potential recovery of fi sh populations is expected because a secondary sewage treatment facility and several primary holding facilities have been constructed. However, establishing baseline data before remedial effort will prove whether adaptation to anthropogenic stressors has occurred within the population and will help explain recovery outcomes.
In Saint John, New Brunswick, wastewater is a serious issue and the demand for monitoring wastewater dischargers and their potential interactions with ecosystem health is critical. However, the requirements for monitoring ecosystems exposed to wastewater are not well understood. Therefore, the identifi cation of proper ecological monitoring tools such as appropriate sentinel fi sh species needs to be established before monitoring commences. Several local studies have attempted to use F. h. macrolepidotus in monitoring assessments which have revealed unsatisfactory variability in gonad size (Leblanc et al. 1997; Thériault et al. 2007 ). Our fi ndings are similar to those of southern studies reporting that GSI in southern mummichog (Fundulus heteroclitus heteroclitus) is also variable (Leamon et al. 2000; Hunter et al. 2007 ). This in part relates back to the life history of the mummichog, being described as euryhaline, a species that is broadly tolerant to changes in salinity, and possibly temperature, given the shallow saltmarsh pans, pools, and creeks it occupies (Able and Fahay 1998) .
The power of statistical tests in our study was low for detecting the EEM-suggested effect sizes of 25% for liver size and 10% for K. However, satisfactory power levels were reached with the recommended effect size of 25% for gonad size in almost all instances for both sexes during peak spawning. It is unknown whether the time of spawning for F. heteroclitus is synchronized or asynchronized among sites, however, reliable power levels should be suffi cient to detect an effect.
It is highly recommended that the spatial scale of variability in GSI be established by repetitive sampling at intervals of two to three days during the entire spawning season at several adjacent and several distant nonimpacted sites that differ in habitat quality. Natural variability of spawning should be established for F. h. macrolepidotus before attempting to use this species as a sentinel. It is also recommended that wastewater monitoring studies consider increased effect sizes for gonad and liver sizes since we were unable to detect a 25% effect reliably for ecologically relevant parameters, including GSI and LSI.
